We present 5 filter photometry of 21 carbon stars, 15 asteroids, 15 cataclysmic variables, 6 metal-poor stars, 5 Cepheids, 1775 field stars, blue horizontal branch (BHB) stars and RR Lyrae stars in the globular clusters M 15 and M 2, two primary standards, and 19 secondary standards. The photometry was carried out using a filter set identical to that which will be used for the Sloan Digital Sky Survey. We find that carbon stars, CVs, R-type, J-type, and V-type asteroids, BHB stars, and RR Lyr stars should be identifiable on the basis of SDSS photometry alone, while Cepheids, metal-poor stars, and many types of asteroids are indistinguishable from the stellar locus of field stars.
Introduction
The Sloan Digital Sky Survey (SDSS) will image 10 4 deg 2 of the northern high-latitude sky to approximately magnitude 23 in five special filter bands from roughly 3500 to 9000
A (Gunn & Knapp 1993; Gunn & Weinberg 1995; Margon 1998) . The broad-band filters of the SDSS system cover the full wavelength range of an optical CCD. The bandpasses overlap very little, thus allowing essentially unique portions of an object's spectral energy distribution to be sampled by each filter. Furthermore, sky features such as the 5460Å Hg I line, the 5577Å line of [O I] and a strong OH band fall between the bandpasses, thus allowing more accurate photometry because one is not so much at the mercy of short-term changes of the sky brightness. The resulting magnitudes will be on the AB system, referred to a spectrum with constant f ν (rather than an A0 V star), and represent the fluxes a flat spectrum source with a given V magnitude would have near the effective wavelengths of the filters.
The resulting SDSS photometry of roughly 10 8 objects (stars, galaxies, quasars, etc.) will be used to select targets for multifiber spectroscopy, as well as constitute a permanent archive for a large variety of astrophysical problems. For both of these functions, it is imperative to understand whether (and how) interesting subclasses of objects stand out compared to the normal stellar locus in multi-color space. Further, the precise transformation between the SDSS color system and more traditional ones will become very important for a variety of future studies.
Although the exact SDSS photometric system requires use of the actual survey telescopes, cameras, and filters, it is already possible to mimic the system reasonably well.
The names of the Survey bandpasses are u ′ , g ′ , r ′ , i ′ , and z ′ , and their effective wavelengths (Fukugita et al. 1996, hereafter F96) are 3557, 4825, 6161, 7672, and 9097Å, respectively. While the photometric filter profiles and CCD characteristics of SDSS photometry have been defined, a fully calibrated set of photometric standards is still being established. We therefore follow the example of Richards et al. (1997) and refer to our observations, as u * data, g * data, etc.
The observations and analysis of this paper have several purposes: (1) to quantify the effectiveness of the SDSS filters for isolating unusual classes of objects from the normal stellar locus; (2) to complement previous work and further the determination of the stellar locus of normal stars in the four Sloan colors; 1 and (3) to determine the magnitudes and colors of a list of potential secondary standard stars, which will aid further SDSS observations and contribute to the establishment of the Sloan system. Richards et al. (1997) and Newberg et al. (1997) 
have used the SDSS Monitor
Telescope at Apache Point Observatory (New Mexico) and the 1-m telescope of the United
States Naval Observatory (USNO) to delineate the locus of field stars and the positions of quasars in SDSS multi-color space. Our observations here on a larger number of fields (but typically to shallower photometric depth) confirm the position of the stellar locus.
We present observations of carbon stars, cataclysmic variables (CVs), asteroids, some metal-poor stars, and some globular cluster stars of interest (Cepheids, RR Lyrae stars, and horizontal branch stars). While the exact photometric values of our observations will change once the official SDSS calibration is established, we believe that the observations presented here will require relatively small corrections. The qualitative results should be unchanged, since objects that separate from the stellar locus now will still separate from the stellar locus, no matter how the "sausage" is twisted in multi-color space by the final calibration.
1 In addition to the observational papers cited above on this problem, Lenz et al. (1998) present extensive synthetic photometry which is also relevant.
Observations and Data Reduction

Techniques
Our observations were obtained using the USNO 1-m Ritchey-Chrétien reflector in Flagstaff, Arizona. The camera contains an LN 2 cooled 1024 × 1024 charge-coupled device (CCD). The gain is ≈7 electrons per analog-to-digital unit (ADU), with a read noise of 6 electrons. The plate scale is 0.68 arcsec pixel −1 , giving a field of view of 11.5 × 11.5
arcmin. Since non-linear effects begin at ≈16,000 ADUs, we occasionally had to obtain extra, shorter, exposures on some bright stars, or defocus the camera slightly if the required exposure would have to have been less than 4 seconds.
The USNO camera contains a UV-enhanced CCD nearly identical to the u ′ CCDs on the SDSS 2.5-m telescope. The other four bands of the camera on the 2.5-m telescope do not use UV-enhanced chips. The effective wavelengths for the other four filters used for the observations presented in this paper are thus slightly different than the values given by F96.
The smaller SDSS monitor telescope will also use a single UV-enhanced CCD to define the SDSS system.
One of the major drawbacks of the USNO 1-m telescope, which was originally completed in 1934, is that one typically cannot accurately guide the telescope when pointed at an object further than two hours from the meridian. Thus, to observe standards at a wide range of air mass requires that some of the standards be rather far south. On some nights we did observe some stars twice, at air masses ≈1.2 and ≈1.8, thus allowing zeroth order estimates of the extinction in each filter. We did not obtain sufficient data on red-blue pairs of stars to derive the second order atmospheric coefficients according to the standard method described by Hardie (1962) . Thus we performed only first order atmospheric corrections.
Altogether we observed on 9 nights from UT dates 27 September to 5 October 1997. Except for the globular cluster data, we reduced all our data with the iraf data reduction package. This first involved subtracting the bias frames, constructing sky flats with the median of three sky frames per filter per night, then flattening and trimming the frames. For the data on stars and asteroids we determined the instrumental magnitudes as aperture magnitudes, using phot within the apphot package. We almost always used an aperture radius of 6 pixels. This was after the inspection of many stars in many frames using imexam. For sets of frames we selected the field stars to be reduced using daofind.
Our selection criterion was 10 σ over sky in the u * filter. This was because we wanted to maximize the number of stars detected in all 5 filters, and the u * filter plus the near-UV quantum efficiency of the CCD gives the least efficient response. Calibration of the data was done within the photcal package, in particular with mknobsfile, fitparams, and evalfit. 
where ZP r is the zero point and c r is a scaling coefficient. Of course, we could have just as easily used the instrumental g * −r * color in the previous equation. For the reduction of r * −i * colors we have an equation such as:
where ZP ri is the zero point, k ri is the first order atmospheric reddening, and c ri is a scaling coefficient. There are, of course, analogous expressions for the other three SDSS colors. scale instrumental magnitudes and colors were, within very small errors, equal to 0.00 for the r * -band data, and 1.00 for the four colors. Arithmetically, this is the same as simply correcting the instrumental magnitudes (or colors) of the program objects and field stars to outside-the-atmosphere values with first order atmospheric terms.
We derived the zero points and first order extinction and atmospheric reddening parameters using as much information as the 9 night observing run provided -as many as two primary and 17 secondary standards per night. This is better than deriving the nightly zero points solely on the basis of one star, no matter how primary it is. It could have been the case that we were observing through thin cirrus only at the time we were measuring the primary standard.
As an example of the success of our photometric method, we show in Fig. 1 Based on 6 nights of observations at the USNO Flagstaff site, on which we observed an adequate number of standards under clear skies and over a wide enough air mass range, we find a mean first order r * -band extinction of k r = 0.109 ± 0.018 mag/air mass. We find mean atmospheric reddening values (in the same units) of k ug = 0.292 ± 0.043, k gr = 0.083 ± 0.008, k ri = 0.067 ± 0.017, and k iz = −0.013 ± 0.018. 2 For comparison, F96 give 2 k iz < 0 implies that the z * -band extinction was greater than the i * -band extinction. Since near-infrared extinction is dominated by water vapor emission, not scattering by aerosols, it is physically reasonable that k iz can be negative. See Fig. 1 of Krisciunas et al. (1987) .
predictions for Apache Point of k r = 0.092, k ug ≈ 0.38, k gr = 0.090, k ri = 0.013, and k iz = −0.032 mag/air mass.
In Table 1 we give r * magnitudes and four colors of two primary standards and 19 secondary standards, with the values rounded off to the nearest hundredth. In most cases the measurements match, to better than a hundredth, those derived filter by filter on the four whole nights when BD +17 o 4708 was observed. In some cases we have adjusted the values by 0.01 or 0.02 mag by taking into account observations made over the course of the whole observing run. More observations of these stars would certainly be welcome, and redder standards must be added to the list.
F96 predicts transformations between the Johnson UBV and Cousins RI systems and the SDSS system. We find similar, but not identical, transformations from actual observations of real stars, and suggest that the following equations be used:
F96 gives two transformations between R−I and r * −i * , depending on whether R−I is less than or greater than +1.15. Since our reddest standard has R−I = 0.81, we can only consider one of the transformations. These transformations will probably change yet again when the final SDSS photometry calibration is determined. For now it seems more sensible to use our transformations, based on actual data, rather than use the predicted transformations given in F96.
In Tables 2, 3 , and 4 we give photometric results for cataclysmic variables, carbon stars, and asteroids, respectively. For the most part we do not state the internal errors of the points, as they are often less than ±0.01 mag, and very rarely larger than ±0.02 mag.
Cataclysmic Variables
Since CVs occupy some of the same color phase space as quasars, we wish to see how well SDSS filters will differentiate them from each other. In Table 2 we give the CV types, the orbital periods, and the nightly means of r* and four colors for 15 CVs. The
CVs were selected to cover a range of orbital periods, magnetic field strengths, and mass transfer rates, all of which affect the colors. CVs which have long orbital periods, or which are in low mass transfer states, usually show the secondary star, so they will be redder.
Large magnetic fields can result in red cyclotron emission, and large mass transfer rates lead to steady state disks which dominate the emission, yielding a flux distribution that is proportional to λ −2.3 (Warner 1995) .
Because the dwarf novae undergo outbursts, and nova-like systems undergo high and low states of mass transfer, it is fortuitous that the objects were observed at various states.
The dwarf novae AR And, V1159 Ori, and RX And were near outburst. (RX And was observed on four nights as it cooled and faded toward quiescence.) The disk nova-like system TT Ari was in a high state while the magnetic system AM Her was in a low state.
Carbon Stars
It is one of many stellar astronomy goals of SDSS systematically to discover significant numbers of faint high latitude carbon stars (FHLCs) (Totten & Irwin 1998 ), which are rare but interesting objects for multiple reasons. The most extreme examples (Margon et al. 1984 ) are at galactocentric distances of up to 100 kpc, and thus almost surely well beyond the dark matter halo. Such objects are thus crucial dynamical probes, and their sharp bandheads make accurate spectroscopic velocity determinations straightforward. Some uncertain but probably small fraction of FHLCs are in fact nearby dwarfs (Green & Margon 1994 , Green 1998 . Although only a dozen such objects are currently known, all are within ∼100 pc, and thus it seems certain that the until-recently unrecognized class of dC stars are by a large factor the numerically most common carbon stars in the Galaxy, overwhelming the well-studied C giants.
We selected more than 20 FHLC stars for observation, primarily from the lists of Bothun et al. (1991) , Sanduleak & Pesch (1988) , and Slettebak, Keenan & Brundage (1969) .
Unfortunately only two dC stars were available during this observing run, although they have the virtue of including two of the brightest known objects, including the prototype, viz. G77-61 and LHS 1075.
In Table 3 we give our averaged data for 19 "regular" carbon stars and two dwarf carbon stars. Many of these stars are probably variable in brightness to some degree. For example, according the 4th edition of the General Catalogue of Variable Stars (Kholopov 1987) , AM Scl irregularly varies between magnitude 12.42 and 13.29. For those few stars in Table 3 which were observed on more than one night, we see no evidence of variability.
Asteroids
We are interested to know if asteroids of different taxonomic types (Tholen & Barucci 1989) separate from the stellar locus in SDSS multi-color space; or, will SDSS photometry at least allow us to differentiate different types of asteroids from each other?
We observed 15 asteroids of 5 taxonomic types. In Table 4 we give nightly averages of the photometry. Three of the asteroids were observed on more than one night. Because asteroids can be variable in brightness and color, we do not average the data from more than one night.
The taxonomic types given in Table 4 are from Xu et al. (1995) , with two exceptions.
For 371 Bohemia, Xu et al. give its type as S. This object is now classed AS, meaning "olivine-rich S-type with near infrared absorption band minimum typically falling past 1 micron" (Hammergren, personal communication). The near-Earth asteroid 433 Eros is an S-type asteroid (Lee et al. 1996) .
Metal-Poor Stars and Cluster Variables
In Table 5 we give photometry of six metal-poor stars, four Cepheids in M 2, and one Cepheid in M 15. The globular cluster data were reduced using Dophot version 2.0 (Schechter, Mateo, & Saha 1993) , along with some notes from the Canary Islands Winter School (Mateo 1996) . This code uses point spread function (PSF) fitting, a must when trying to reduce data in crowded stellar fields. From aperture photometry, reduced with iraf, of stars in more empty parts of the M2 and M 15 frames, we were able to put the Dophot results on the same photometric system as our standard stars, with estimated systematic errors of 0.03 mag or less.
Discussion
In Figures 2, 3 , and 4 we show our program objects (CVs, carbon stars, asteroids, metal-poor stars, and Cepheids) in color-color space. In Figures 5, 6 , and 7 we add the locus of field stars.
Let σ a and σ b be the internal errors of the magnitudes of a star in filters a and b, respectively, and let σ ab = √ (σ 2 a + σ 2 b ). In our color-color plots the field stars are only plotted if the corresponding value of σ ab is less than 0.10 mag. While this reduces the number of stars in our field star sample, it sharpens the edges of the field star locus in multi-color space.
The stellar locus was derived from roughly 80 fields at a wide variety of galactic latitudes, and amounts to 1775 stars selected on the basis of their instrumental u * counts to be at least 10 σ times the sky noise, with the criterion on internal errors mentioned above.
In Fig. 5 we have included quasars observed by Richards et al. (1997) , which have redshifts ranging 0.06 < z < 2.7.
Objects shown in Figures However, as one can see from the figures, the CVs easily separate from the stellar locus, especially in the bluest colors. This is not that surprising, since a CV consists typically of a hot star, an accretion disk, and a cool star. The reddest objects are the longer period systems GK Per, SS Cyg, AE Aqr, and SS Aur, as well as the magnetic system AM Her in a low state. In all of these the red color is due to the contribution of the secondary star. At the same time the addition of a blue accretion disk/column separates them from the field stars. Most CVs occupy the region near (0,0) in all Sloan color-color plots, which is also the area occupied by low redshift quasars (see Fig. 5 ) and white dwarfs (Fig. 4 of Lenz et al. 1998 ). Thus we expect new CVs and white dwarfs to be by-products of the quasar discoveries.
While in Figs. 5 and 6 all the points corresponding to RX And stand out from the stellar locus, in Fig. 7 we see that RX And at outburst is separable from the general stellar locus, but as the system returns to a quiescent state, its colors blend with the stellar locus in the i * −z * vs. r * −i * diagram. Since one of the primary goals of the Sloan project is to identify a very large number of quasar candidates, we naturally were interested in whether we managed to image any quasars serendipitously. As shown in Fig. 5 , these would be objects that stand out from the stellar locus in the u * −g * vs. g * −r * diagram. In Table 6 we give photometry of 5 objects with u * excesses. One of them, in fact, is a previously catalogued quasar. Near CM Del we imaged 2022+171 (= MG 2024+1717 = J202456.5+171814), a quasar of z = 1.05. Interestingly, it is at the same location in Fig. 5 as PG 2302+029, a quasar also of redshift 1.05, observed by Richards et al. (1997) . Another blue object we serendipitously recovered is PB 7559 (Berger & Fringant 1984) . To our knowledge there is no published spectrum; it could be a star or a quasar. The other three objects in our Table 6 are most likely stars, given their brightness.
Of the asteroids we observed, only one, 349 Dembowska, separates from the stellar locus (see Figs. 7 and 10 ). This is an R-type asteroid, notable for its lack of near infrared light, thus giving an i * −z * color that is "too blue". From the spectra given by Xu et al.
(1995), we expect that J-type and V-type asteroids will also stand out for the same reason.
In Figures 8, 9 , and 10 we show photometry of the asteroids only. For reference, the colors of the Sun are also shown. Clearly, the C-type asteroids separate themselves from the other types of asteroids observed. This will allow us to identify C-type asteroids from SDSS photometry of moving objects.
3
In Fig. 11 we show a color-magnitude diagram of the globular cluster M 15, where we have only plotted those points with Dophot internal errors (for each filter) less than 0.1 mag. M 15 has clearly identifiable blue horizontal branch (BHB) stars, located in Fig. 11 in the pentagonal box. The region of the RR Lyr stars would be just to the right. Since the RR Lyr stars are being observed at random phases in their pulsation cycles, we would expect these HB stars in the instability strip to show a wider spread in r * than the BHB stars, and in fact they do show this.
It is worth commenting that the broadening of the lower giant branch is undoubtedly an artifact of crowding. As one approaches the frame limit, it becomes harder and harder to separate stars, especially in a globular cluster field. Therefore, if the counts from a given pixel in the frame are from two stars of comparable magnitude but widely varying colors, a "star" found by Dophot could be up to 0.75 mag "too bright", with a color that 3 We note that C-type asteroids are further subdivided into types B, F, and G depending on the near-ultraviolet light (Tholen & Barucci 1989, Fig. 5; Xu et al. 1995) . The u * −g * colors of a large sample of C-type asteroids may allow further differentiation using SDSS data.
is considerably different than the colors of either star. And the photometry of this "star"
could have an internal error less than our arbitrary limit of 0.1 mag.
We have identified 80 RR Lyr stars in our frames of M 15 using the list of coordinates given by Sawyer Hogg (1973) . We find that the BHB and RR Lyr stars in M 15 overlap the blue regions of the entire stellar locus in u * −g * vs. g * −r * and in i * −z * vs. r * −i * , but in Fig. 12 we show that they are found on a track parallel to our stellar locus, and on average 0.2 mag redder in r * −i * (or, equivalently, bluer in g * −r * ) in the r
Figs. 5 and 12 shows that this is also where quasars and CVs are to be found.) Even if some of this displacement in r * −i * is attributable to an incorrect zero point in placing our Dophot output on our SDSS system, since so few field stars are this blue, it means that the identification of field BHB and RR Lyr stars from SDSS photometry is promising.
In Table 7 we give the median SDSS r * magnitudes and colors of our sample of 143 BHB stars and 80 RR Lyr stars in M 15. We also include the median values for 247 BHB stars and 7 RR Lyr stars in M 2. We would expect that field BHB and RR Lyr stars found by SDSS in uncrowded fields would have colors within 0.2 mag of the values listed in Table 7 if their metallicites are comparable to those of the two clusters.
To investigate further the ability of SDSS to identify field RR Lyr stars in the northern Galactic cap, we have divided our data into three roughly equal area regions with galactic latitudes 0 < |b| < 19 o , 19 o < |b| < 42 o and 42 o < |b| < 90 o . We would expect the effects of interstellar reddening to affect the u * −g * vs. g * −r * stellar locus the most. In Fig. 13 we show that RR Lyr stars have colors that separate themselves from the general stellar locus at higher galactic latitudes (see lower set of points in the figure) , where SDSS data will actually be obtained. Since the BHB stars have bluer g * −r colors than RR Lyr stars, they are even further separated from the stellar locus at high galactic latitudes in the u * −g * vs. g * −r * diagram. Thus, we have confidence that SDSS will be able to identify many new BHB and RR Lyr candidates, and that the low latitude field stars present in this study, but not in SDSS, have not confused our conclusions.
We can use the information presented in Fig. 13 to investigate whether we can demonstrate any effects of interstellar reddening on SDSS colors. The upper set of 858 points (the stars at lower galactic latitudes) shows a wider locus of points than the lower set of 272 points. Is this just the effect of having a larger data set, putting a larger number of stars further from the mid-range, or do the distributions have different standard deviations?
We begin by fitting an orthogonal regression line (also known as "Pearson's major axis") to each of the two stellar loci (Isobe et al. 1990 ). These are the lines that minimize the squares of the perpendiculars from the points to the lines. The two slopes are the same within the errors. The stars at lower galactic latitudes are displaced, on average, 0.039 mag to redder u * −g * colors, and are displaced 0.018 mag to redder g * −r * colors. These displacements, however, are not statistically significantly different than zero, given the uncertainties in the u * −g * intercepts of the plots.
If we now calculate, for each set of points, the rms deviation from the respective orthogonal regression line (i.e. perpendicular to the line), we find for the lower latitude sample σ ⊥ = ±0.096 mag, while for the higher latitude sample σ ⊥ = ±0.066 mag. The uncertainties of these standard deviations are ± 0.002 and ± 0.003, respectively. 4 Thus, the widths of the distributions differ by roughly 10 times their uncertainties. The mid-latitude stars with 19 o < |b| < 42 o give σ ⊥ = ±0.081 mag.
Another way of looking at the stellar locus according to ranges of galactic latitude is to pose the null hypothesis that the widths of the distributions shown in Fig. 13 are the same.
Using a two sided F-test, we reject this null hypothesis at a 99.9 percent confidence level.
Our data demonstrate that the stellar locus is widened by some combination of interstellar reddening and metallicity as we proceed from higher galactic latitudes to lower galactic latitudes.
Conclusions
Using data provided by the Fermilab group for standards in common and graphs of the stellar locus (Newberg 1998, private communication) , we have confirmed the position of the stellar locus in SDSS multi-color space found previously by Richards et al. (1997) and Newberg et al. (1997) . Using our stellar locus, we have shown that cataclysmic variables, carbon stars, and R-type asteroids separate from the stellar locus on the basis of their SDSS colors. J-type asteroids, V-type asteroids, blue horizontal branch stars and RR Lyr stars should also be identifiable from SDSS photometry. C-type asteroids are 4 The reader may recall that one can obtain an unbiased estimate of the variance (σ 2 ) of a distribution of points. An unbiased estimate of the variance of the variance is 2(σ 2 ) 2 /(n − 1),
where n is the sample size (Brownlee 1965) . It can be shown that the fractional uncertainty of the rms error of a distribution is
. easily distinguishable from asteroids of type A, S, AS, and R on the basis of SDSS colors.
However, Cepheids, metal-poor stars, and many types of asteroids do not separate from the stellar locus in color-color space, and thus cannot be identified on the basis of SDSS photometry alone.
We also provide a list of secondary stars that, after the completion of the SDSS photometric system, may be useful for calibrating future photometry. More observations of these stars should be obtained, and redder stars should also be observed.
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a N is the number of nights on which a given star was observed. n u is the number of u * frames obtained. n griz is the number of frames obtained through the other four SDSS filters. The data for BD +17 o 4708 are derived by Fukugita et al. (1996) from spectrophotometry. b P is the orbital period of the system in hours.
c n is the number of 5 filter data sets obtained. Some extra u * -band images were also obtained. a Objects prefixed by a "C" are from Bothun et al. (1991) ; CLS objects are from Sanduleak & Pesch (1988) ; for G77-61 and LHS 1075 see Deutsch (1994) ;
for the last four objects in the table see Slettebak, Keenan & Brundage (1969) .
N is the number of nights on which a given star was observed. n u is the number of u * frames obtained on which the object was detected with an adequate S/N ratio. n griz is the number of frames obtained through the other four SDSS filters. Harris (1996) . 
